Introduction.-Chemical and physical processes occurring in the neighborhood of metal-solution interfaces determine the corrosive properties of metals. Certain of those processes that involve charge transfer are responsible for observed electrode potentials. Conversely, the electrode potential is an accurate and sensitive measure of the processes that give it birth.
Electrode-potential measurements yield information on corrosive properties under a variety of circumstances. The dissolution of metals can be studied as it depends upon salt concentrations, pH, presence of gases, temperature, and metal impurities. An important class of phenomena is observed when, in addition to the other factors, the electrode is plastically deformed. The deformation changes the electrode properties, and reactions proceed rapidly (approximately 1 second) in such a direction as to restore the original potential. The measurement of the resulting electrical transients, strain electrometry, has been used to piece together a kinetic picture of the underlying corrosion process. A great deal of experimental and theoretical work must still be done to isolate and identify all the important kinetic steps and to show how their rates change with concentrations, pH, etc. However, some general features of these corrosion transients are clear, and these are presented along with some of the pertinent experimental data. A detailed account of this work will appear elsewhere.
A number of workers have measured electrode strain transients under a variety of conditions. Dudley, Elliot, McFadden, and Shemilt1 and Gautam and Jha2 measured the electrode strain transients of copper wire in aqueous solutions. Similar measurements have been reported by Nikitin' and Zaretskii4 on copper, silver, iron, magnesium, and aluminum. Coffin and Simon5 found the voltage transients of a creeping zinc crystal, while Fryxell and Nachtrieb6 experimented with metallic gold and silver. Some of the above results are contradictory; others serve as a valuable guide for the respective topics covered. Since our measurements on copper are more extensive than any of the above, these references are acknowledged but not widely quoted.
VOL. 43, 1957 Measurements of electrode strain transients of copper have been made, along with exploratory measurements involving nickel, iron, aluminum, silver, manganum, and nichrome. Two electrodes, both of the same substance, are immersed in the solution of a single cell. The amount of strain is controlled by adding designated weights to one of the electrodes. The potential, then, is always measured so that only the transients are observed, and these decay to a value near zero in a matter of seconds. It is to be noted that these potentials are not referred to those of a standard cell. This work-the electrode potentials of corroding metalshas itself been the subject of extensive research.7
The potential-time curves of strain electrometry depend strongly upon ion concentrations in solution. Some examples are shown in Figure 1 . For most substances the curves are similar to the one shown for a neutral solution. These (2) pairs, are shown schematically in Figure 2 , along with other steady-state potentials. In cases where only two reaction pairs are important, the steady-state potential lies between the pair potentials, and closer to that pair potential established by the faster reactions. Under usual conditions, the oxygen electrode reaction is slow (due to a large overvoltage effect), as is the metal-metal ion reaction (due to the slow diffusion through the oxide layer of the metal ion). The steady-state potential, then, may not be near either of the pair potentials.
The steady-state potential is strongly influenced by the nature of the oxide, film, since, as mentioned, diffusion of metal ions through this film controls the reaction of a metal to form its ions. If the film is compact, the diffusion is very slow, and the potential is established at 4 (Fig. 2) , nearer the oxygen electrode potential (1).
A porous film does not offer such resistance to diffusion, and the steady-state potential in this case is the more anodic value shown as 5. If an oxide film is not present, the metal-metal ion reaction proceeds rapidly, establishing a potential (8) near the pair potential (2) . When an electrode is plastically strained, the brittle oxide film is presumably ruptured, exposing bare, or near-bare, metal surface.8 This is tantamount to the destruction of the diffusion barriers in these ruptured regions, so that the anodic reaction pair (2) equilibrates rapidly. The new steady-state potential is shown as 6 in Figure 2 . It is clear that the exposed metal surface is short-lived, since the reoxidation of this surface proceeds rapidly. Thus the steady-state potential will decay from 6 back to its starting point (4) for electrodes covered with a compact oxide film. Concentration polarization, however, is probably more important in the decay process. This behavior is observed in strain-electrometry measurements (Fig. 1) ; a voltage charge in the anodic direction is established with the tensile stress, and this decays toward a zero voltage. The maximum voltage is expected to be slightly less (due to capacitance lag) than the potential difference, V6 -V4 (compact-film electrode, i.e., copper). We see, then, that the film-rupture model explains the most characteristic (but not universal; see Fig. 1 ) property of strain electrometry: the anodic potential transient. We will next examine this model in greater detail and in the light of experimental evidence.
Supporting Evidence.-We have suggested that, coincident with strain, a potential transient with a maximum voltage near V6 -V4 is observed. If, in another experiment, a greater strain is effected, the increase in exposure of anodic area will lead to an even greater drop in potential, V7 -V4. This increase has a logical, as well as a practical, limit. The limiting potential change is V8 -V4, a value that coincides with complete film removal (infinite strain). The wire electrode, of course, breaks before this. However, the tendency toward the limit can be seen experimentally (Fig. 3) .
A great deal of experimental evidence has been obtained with solutions containing agents able to complex with copper, notably Cl-, CN-, NH3, C4H406-, and pyridine. The general features seem to agree well with the film-rupture model, although some details are not understood; nothing contradictory to the model is apparent. The full experimental results are too lengthy to present here. However, some of the important electrode processes are common to most of these complexers, so that an example, ammonium hydroxide solutions, will be used to illustrate the general pattern.
Visual inspection shows us that a concentrated NH40H solution will quickly remove an oxide film from the surface of copper. As succeeding solutions are made more dilute, the film is removed more slowly, then finally not at all. In the experiments the wire electrode is allowed to stand in solution approximately 2 minutes before the stress is applied. It is found that solution of concentration greater than about 10-2 molar NH40H will remove a major portion of the oxide film in 2 minutes. Experimental data shows that a maximum in the voltage-concentration curve appears near 10-2 molar NH40H (see Fig. 4 ). In more dilute solutions the potential falls to the value for water, and to the right (more concentrated) side of the maximum the potential plunges to values near zero.
Again Figure 2 can be used to explain these results. With concentration increase, the potential of the anodic pair is lowered to 3, due to depletion of metal ions by the NH3 molecules. When strain ruptures the film, the steady-state potential falls to V9, a value characteristic of the extremely anodic, exposed area. The potential transient in this case has a maximum value near V9 -V4, larger than the value V6 -V4 at zero concentration. For this reason, the potential increases with concentration until 10-2 molar, where the film itself begins to dissolve. When the film is partially dissolved to begin with, the potential no longer starts at the value V4 but at a much more negative value. The potential difference decreases rapidly beyond this point, as the film is more completely peptized, and the starting potential approaches V9.
General Theory.-Competing anodic and cathodic reactions fix the potential of an electrode, as indicated in the discussion of Figure 2 . In this section we will present a theoretical treatment of these processes. For purposes of generality, all possible charge-transferring reactions must be considered, although in practice many of these may be neglected. Each anodic reaction has a velocity (number of reactions per second per unit area), vi, and the charge transfer (per second per unit area) from the electrode to the solution, due to this reaction, is zievi. The total charge transferred in unit area and unit time is the sum of the charge transferred by each of these possible pairs,
The electron charge is represented as e, and the number of electron charges transported by a single ith process, irrespective of sign, by za. 2) where V is the potential difference between electrode and solution, and a, is a fraction, which in simple cases represents the change in free energy, due to potential, between the initial and activated state, divided by the change between initial and final states. More will be said about this term later.
It is instructive to write the charge flux in equation (1) Initially (before the electrode is strained), the potential is stationary, so that the left member of equation (3) equals zero. Thus equation (3) becomes an algebraic equation in which V is a function of the reaction velocities. In the particular case in which all the z5's are equal, and all the ai's equal 1/2, the stationary solution of equation (3) is
ze Evi,
The point of the maximum change from initial potential is also stationary with respect to potential and can be treated as above. The difference between the initial and the maximum potential is a result of the altered reaction velocities. For convenience, the reaction velocities at the point of maximum change will be identified as ui and uj', whereas vi and vi' will be retained for the initial reaction velocities.
Thus an expression, identical with equation (4) We have mentioned specific examples of some of the reactions responsible for strain transients: they are sometimes diffusion-controlled, and in other cases passage over a single energy barrier controls the reaction velocity. A theory that is applicable to all such processes has been outlined by Parlin and Eyring.9 By means of this, the voltage dependence of any reaction velocity can be obtained, provided that the potential energy is known as a function of distance. The reader is referred to the original work for the general equation for such reactions; we will concern ourself here with certain special cases of interest.
In order that charge transfer can be effected, charged particles must cross a series of potential energy barriers. It is often the case that a single energy barrier is much higher than any other. In this case the general theory reduces to a result obtained previously.'0 If the electrical potential difference between the end and the beginning of these barriers is V, then aV is the potential drop between the single highest barrier and the initial equilibrium position. Equation (2) describes this model without modification.
The velocity of a reaction is often determined by a series of potential energy barriers, all of equal height. Diffusion processes (as in oxide films) can be accounted for in this manner. For this example, the reaction velocity can be written (cf. Parlin where the n barriers have been assumed an equal distance, X, from one to another.
The term kio is the value of the rate constant for passage over a single one of the barriers when the potential, V, is zero, and cj is the concentration of the ith species just in front of the energy barriers. The electrical energy expended in crossing a single barrier, zieV/n, is nearly always small compared with kT. This makes permissible the expansion of the exponentials in the numerator of g. Two particular cases arise, depending upon the potential, V. For small values of V (zfeV < kT), the exponential in the denominator of g/n can also be expanded. This leads to a reaction velocity
n 2kT(7 where, of course, the remaining exponential may also be expanded. This is of the same form as equation (2), with vj,, = Xkcicj/n, and a = 1/2. With larger potentials (zieV» kT, zieV < nkT), a potential dependence different from equation (2) is found. When the potential difference between solution and electrode is positive, the anodic reaction velocity can be approximated by
and the cathodic reaction velocity becomes zfeV vi= v'o kT (9) This differs from the form of equation (2) , since V appears in the pre-exponential term. However, since a large V was stipulated, the exponential term is far more important. Hence this resembles equation (2), with a = 1. (For values of the potential which are negative, a becomes equal to 0. It is to be remembered that zi is defined to be positive, irrespective of the sign of the ion.)
The above special forms of the reaction velocity and its potential dependence are valuable in assessing the accuracy of equation (5), which in turn, was derived with the use of equation (2), a = 1/2. We conclude that equation (5) 8, 1967 Chemical reactions in general are studied with systems whose components have a thermal distribution. The interpretation of such experiments requires averaging elementary reactions over many initial quantum states. Very little can be inferred about the relative reactivity of molecules in the individual quantum states beyond the rough indication provided by the variation of the reaction rate with temperature. A much more direct and fundamental type of information comes from experiments in which at least one of the participating species is sorted into known states of quantization before reaction.
A method presently available for the selection of states is high-resolution molecular-beam. spectroscopy. This note is concerned with the reaction commonly used for the detection of alkali halide beams-dissociation and ionization on a hot tungsten surface. Evidence will be presented which indicates that the rate of dissociation depends on the vibrational state of the incident molecules.
The Beam Experiment.-Marple and Trishkal have recently studied the radiofrequency spectrum of lithium chloride by the molecular-beam electric-resonance method. In their apparatus (see Fig. 1 
